The potential of vegetation to trap NH 3 discharged from a layer house through the exhaust fans was evaluated at The Pennsylvania State University Poultry Education and Research Center in September 2005. Five tree species were planted in pot-in-pot containers in 5 rows downwind of the house fans and in 2 control rows upwind of the hen house. Each row included 1 plant (upwind) or 2 plants (downwind) per species per row. When measured with a photoacoustic NH 3 detector at the same elevation as the fan (1.5 m), NH 3 concentration decreased sharply with greater distance, from 51.54 ppm at 0 m (at the fan) to 1.89 ppm at 5.5 m (between row 2 and 3), 0.27 ppm at 10 m (after row 5), and 0 ppm at 50 m (control). This trend was also observed with the dosi-tubes and photoacoustic detector at the 0.3-and 3.0-m elevations. Significantly lower NH 3 concentrations were recorded when the trees were present downwind of the fans compared with when the trees were removed (16.45 vs. 19.35 ppm), suggesting a portion of the atmospheric NH 3 was being held by the plants. This was further supported by a marked decrease in foliar N status of the plants with greater distance from the source. Plant species also differed, with willow appearing to be the most responsive species and effective as an NH 3 trap. 
tion, and eutrophication of fresh and saltwater ecosystems [6] [7] [8] [9] . These effects are in part from NH 3 losses from animal housing and land application of manure as a fertilizer [9, 10] . Furthermore, the sustainability of commercial poultry production may be in jeopardy as municipalities and township officials consider the nuisance complaints of neighbors living nearby the farms. These concerns are exacerbated by greater farm size and odorous emissions including NH 3 [11] [12] [13] .
In addition to its reactive and water-soluble properties, NH 3 can also reach higher elevations in the atmosphere and blow with the wind before being deposited in rainfall [14] . On poultry farms, the speed of the exhaust fans [15] and climatic conditions, including air velocity, temperature, and RH, play significant roles on the NH 3 concentration near the buildings.
The capacity of plants to absorb ambient NH 3 through their stomata and assimilate this N into their tissues as amino acids and protein via the glutamine synthetase and glutamate synthase pathways [16, 17] indicates that planting trees around poultry sites might help reduce NH 3 dispersion to the environment.
In a field study of commercial poultry farms in Pennsylvania from 2004 to 2005 [18] , we observed not only greater foliar N between hybrid poplar and Norway spruce planted downwind (11.4 to 17.7 m) of the exhaust fans compared with control trees (≥48-m distance), but also species difference indicated (P = 0.07) greater foliage N concentrations in hybrid poplar than Norway spruce. Pitcairn et al. [19] also reported species and distribution changes of the native plant composition downwind of the fans from commercial poultry and livestock farms. They showed the abundant presence of nitrophilous land covering plant species (Deschampsia flexuosa, Holcus lanatus, Rubus idaeus, and Urtica dioica) close to the farm with more N-sensitive species (Oxalis acetosella, Galium odoratum, mosses, and ferns) at 300 m away from the fans.
Recently Malone et al. [11] reported lower NH 3 concentrations (46%) on a roaster farm downwind of a vegetative buffer (16.8 m) comprised of bald cypress, Leyland cypress, and red cedar (7.6-m wide) when compared with concentrations measured near the tunnel fans (9.2 m). In a simulation study, Theobald [20] found that a tree belt of Scots pine planted downwind of an artificial NH 3 source had the potential to recapture approximately 5 to 10% of the NH 3 released and suggested that this value could be increased with a better vegetative belt design. However, neither of these studies could separate the potential benefit of the trees from the distance dilution from the NH 3 source.
Therefore, the purpose of this study was to evaluate the efficacy of different tree species planted in a pot-in-pot system at different distances downwind of the exhaust fans of a layer house to trap NH 3 -N. Also, this study sought to compare the effect of the trees vs. no trees in the pots over different distances from the NH 3 source on atmospheric NH 3 concentration.
MATERIALS AND METHODS

Hen House
Atmospheric NH 3 measurements and foliage samplings for N and DM determination were taken downwind of the fans and upwind (for control) from a layer house (Figure 1) at The Pennsylvania State University Poultry Education and Research Center, University Park. At the time of this study, the hen house had 600 twenty-week-old Single Comb White Leghorn laying hens (capacity, 3,000 hens) fed a standard layer diet. Seven uniformly placed air inlets along with four 61-cm exhaust fans and a controller based on temperature and static pressure at 13.75 Pa comprised the ventilation system of the house. Each fan had a connecting hood (Figure 2 ; 76 × 86 cm opening at a 15°angle) directing the discharged emissions to the ground outside of the house. These were not unlike the covered fan banks on commercial layer houses that light-trap the fans and direct exhaust air to the ground. All fans were set to run at the same revolutions per minute (2,500), and the air speed of the fans averaged 333 m/min [21] throughout the study with a calculated discharge of approximately 97 m 3 /min per fan.
Source of Additional NH 3
Because of low hen numbers at the time of the study compared with house capacity, additional anhydrous NH 3 was released from two 150-L tanks into the inlet of each fan to increase the NH 3 discharged. Each of the tanks was regulated at 1.79 kg/cm 2 , connected with a T-connector to 2 glass flow meters [22] , and set to release NH 3 at 1.5 L/min via a manifold of 0.64-cm polyvinyl chloride tubing with 5 evenly spaced holes for 8 h from 0800 to 1600 h on each day NH 3 was measured. The exhaust manifold was mounted diagonally across each of the fan intakes at 30-cm distance from each fan. Therefore, each tank provided NH 3 for 2 fans at the same rate. During the NH 3 measurements, the building fresh air inlets left and right near the exhaust fans were closed, whereas the others remained under automatic control. This was to increase static pressure for the fans to discharge room air along with supplemental NH 3 out of the layer house. All the male pots containing the media and trees were fitted into the 76-L female pots ( Figure 2 ). This pot-in-pot system allowed us to remove all the trees from the exhaust field to measure NH 3 emissions under the conditions with no trees present. The first row of trees was 3.5 m from the fans, and the distance between 2 rows was 1.5 m. Within a row, the distance between trees was 1.2 m. An additional 10 reference control trees were approximately 50 m away upwind from the fans (NH 3 recorded at this site was not included in the data analysis, because NH 3 was not measurable at this distance). There were 2 plants per species in each row downwind of the fans and 1 plant per species in each reference row upwind. All the pots were connected to a water line emitter, and the irrigation system was set to automatically water twice a day for 10 min or adjust as required. All plants were grown in this pot-in-pot system for a year. In early summer of 2005, each plant was given a 1-time dose (28.4 g) of Osmocote-Plus 15N-9P-12K controlled-release fertilizer [24] . At the beginning of NH 3 measurements and foliage sampling (September 2005), the average height of each plant species was measured in centimeters: 225 ± 28, Canaan fir; 344 ± 65, hackberry; 151 ± 12, juniper; 137 ± 15 lilac; and 216 ± 22, willow, respectively.
Pot-in-Pot Trees
Parameter Measurements
Ammonia measurements were conducted either with or without all trees present (except at 50-m distance where NH 3 was only measured with the trees present). Measurements were (N, NNE) 2nd 28.2 ± 1.9 21.0 ± 1.7 24.6 ± 1.8 50.1 ± 6.6 41.8 ± 8.9 46.0 ± 7.8 8.9 ± 2.4 9.3 ± 5.7 9.1 ± 4.1 (NW, WNW) (SE, SW) 1 Data are presented as the mean ± SD. 2 Measurement days (the first and the second day of NH 3 measurements were performed on d 1 and 2 when the trees were in place, whereas the corresponding NH 3 measurement days when the trees were removed from the pots were performed on d 3 and 4). Foliar tissue was sampled from each species only when the trees were in the pot-in-pot rows downwind of the fans. This was done at the end of the day after recording NH 3 concentrations at approximately 1600 h. Foliar samples were sent to The Pennsylvania State University Agricultural Analytical Services Laboratory for total N and DM analysis. The DM of foliage was calculated from the difference of fresh and dry weight over the fresh weight and presented as a percentage value.
Experimental Design and Statistical Analysis
A completely randomized block design was applied in this study with the 4 fans considered as blocks. The mathematical model described below was used to analyze the NH 3 concentration data, and a similar model with the substitution of the condition (C = with or without trees) by the plant species (S) was used to analyze plant foliar N and DM data:
where X ijklm = the value observed; = the overall mean; T i = the ith day of NH 3 measurement or foliage sampling; F j = the jth fan; D k = the kth distance; C l = the lth condition; (D × C) kl = the distance by condition effect at the kth and the lth combination; and ε ijklm = the residual error. For plant foliar N and DM data analysis, the (D × C) kl term was substituted with (D × S) kl . In addition to this adjustment, there were only 2 fans (instead of 4 fans as used in the NH 3 data analysis) considered as blocks, because the sam-pling of plant foliage was taken downwind of the 2 pairs of fans, left (fans 1 and 2) and right (fans 3 and 4) of the layer house. Data were subjected to 2-way ANOVA using the GLM procedures of SAS followed by Bonferroni test [29] to distinguish the significance (P ≤ 0.05) among treatment means.
RESULTS
Data on aerial climatic conditions during the NH 3 measurements in the pot-in-pot study area are presented in Table 1 . Some variations for all climatic parameters existed on a daily basis. Wind direction was variable regardless of the day or condition, with slow wind speeds averaging 6.1 ± 2.8 km/h with the trees in place to 9.4 ± 4.1 km/h with no trees in the pots.
When the pot-in-pot study area was monitored with the photoacoustic NH 3 detector, all the factors significantly affected NH 3 concentrations at the 1.5-m elevation (P ≤ 0.05; Table  2 ). However, when the NH 3 concentration was measured with the dosi-tubes, only a significant distance effect was measured (P ≤ 0.0001) with these instruments. At all 3 elevations (0.3, 1.5, and 3.0 m), NH 3 concentrations were higher on first day vs. second day measurements with the photoacoustic detector. Fan had a significant but variable effect on NH 3 concentration when measured at 1.5-(P ≤ 0.0001) and 3.0-m elevations (P ≤ 0.005). Distance from the fans had the most profound and highly significant (P ≤ 0.0001) effect on NH 3 concentrations at all elevations measured with either the dosi-tubes or photoacoustic detector. The highest concentration of NH 3 was measured at the surface of the fans at the 1.5-m elevation with both the photoacoustic detector and dosi-tubes. Ammonia concentrations declined sharply thereafter with greater distance to 0 ppm by 50 m. Further indications of the importance of distance from the fans on NH 3 levels were measured at the 0.3-and 3.0-m elevations where the concentrations at 5.5-m distance were from 6-to 14-fold greater than at 10 m.
Another clear and significant trend from the study was lower concentrations of NH 3 in the presence of the trees compared with when the trees were removed at both 1.5-m (16.45 vs.19.35 ppm) and 3.0-m elevations (0.65 vs. 0.94 ppm; data pooled from 2-d readings). The trend continued with the significant distance × condition interaction on NH 3 concentration observed at the 1.5-m elevation. Also at the surface of the fans (0 m) and at the 5.5-and 10-m distances, NH 3 concentrations were significantly reduced when trees were present compared with conditions when they were removed.
Plant foliar N concentration was significantly affected by all the factors, except the pooled days of measurement (Table 3) . Foliar N was slightly greater downwind of the fans 1 and 2 vs. 3 and 4, respectively (2.52 vs. 2.42%) because of greater NH 3 emissions measured at the fans at the 1.5-m elevation ( Table 2 ). The foliar N concentration was greatest (2.91%) at 3.5 m beyond the fans and decreased further to 2.54% at 6.5 m (row 3), 2.36% at 9.5 m (row 5), and 2.07% at 50 m (control row). Willow foliage had the greatest N concentration (3.24%) followed by lilac (2.75%), hackberry (2.45%), and the 2 evergreens (juniper and the Canaan fir) with the same values (1.96%). The significant effect of distance on plant species observed in this study showed that willow was the most responsive to NH 3 exposure. Willow also showed a 1.66-fold reduction in foliar N from 3.5-to 50-m distance compared with reductions of 1.44, 1.38, 1.26, and 1.18 for lilac, hackberry, Canaan fir, and juniper, respectively. Foliar DM levels were significantly influenced by both plant species and distance from the fans. However, DM levels did not correspond with the trends in foliar N concentration.
DISCUSSION
The significant effect of the monitoring day on NH 3 concentration downwind of the fans measured at all elevations with the photoacoustic detector clearly indicated the effect of microclimatic fluctuation around the farm. This is a challenge not only for researchers but more importantly on relations at the urban-rural interface and for regulatory measurements or assumptions. Higher wind speed, for instance (second > first day), most likely dispersed NH 3 , resulting in lower NH 3 concentrations measured on d 2 relative to d 1. Wind direction might also influence NH 3 concentration [11] , but in the present study, it mostly blew toward the exhaust fans. Furthermore, lower RH could be a factor that would sustain NH 3 around the discharge area Means in a column with no common superscripts differ significantly (P ≤ 0.05).
1 Additional anhydrous NH 3 was released from 2 NH 3 tanks (set at 1.79 kg/cm 2 ) into fan inlets through 2 flow meters (set at the rate of 1.5 L/min) per tank for 8 h. Each tank supplied NH 3 for 2 fans. 2 Measurement days (the first and the second day of NH 3 measurements were performed on d 1 and 2 when the trees were in place, whereas the corresponding NH 3 measurement days when the trees were removed from the pots were performed on d 3 and 4). 3 Ammonia concentrations were not recorded at the heights of 0.3 and 3.0 m under this 0-m distance. 4 The NH 3 concentrations at 50-m distance (for reference control) were measured only under the existence of trees, and the values (undetectable) were not included in the statistical analysis. before undergoing further chemical reactions [14, 30, 31] , and lower temperatures would reduce NH 3 volatilization [31, 32] .
The average NH 3 concentration from fans 1 and 2 (20.34 ppm) was greater than fans 3 and 4 (15.47 ppm). This appeared to influence the foliar N of the combined plant species with greater N levels near fans 1 and 2 (2.52) vs. fans 3 and 4 (2.42), indicating plants are a sensitive barometer of the atmospheric NH 3 .
In a 4-yr study by Malone et al. [11] , summer NH 3 comparisons between fan and trees (9.2 m) and downwind of the 3-tree rows (16.8 m) on a commercial roaster farm indicated a significant 46% NH 3 reduction. Another study by Pitcairn et al. [19] considered NH 3 concentrations near commercial livestock buildings and with the flora downwind of the fans in the United Kingdom and showed an exponential declining of NH 3 concentrations with distance: 24 to 59 g/ at 200 m, and 1.6 to 5 g/m 3 at 1-km distance. These and other studies that have hinted at the benefits of vegetation for improving air quality have been challenged by the confounding effect of distance from the NH 3 source and the intervening vegetation effect on NH 3 dilution.
Utilizing the pot-in-pot study design with the statistical model herein, it was possible to separate the effect of the distance vs. vegetation on NH 3 dilution. In this study, NH 3 measurement Means in a column with no common superscripts differ significantly (P ≤ 0.05). Measurement days (the first and the second day of NH 3 measurements were performed on d 1 and 2 when the trees were in place, whereas the corresponding NH 3 measurement days when the trees were removed from the pots were performed on d 3 and 4). 3 Each of the 5 tree species were planted randomly downwind of the 2 pairs of fans (fans 1 and 2; fans 3 and 4). 4 Standard error of the means, mean of 2-d replicates (SEM value applies for all the means except the day).
close to the fan resulted in the highest concentrations of NH 3 ; however, by 5.5-m distance, NH 3 levels had dropped exponentially (32-fold). Small but significant NH 3 differences were again measured from 5.5 to 10 m at both the low (0.3 m) and high (3.0 m) elevations. Ammonia concentrations from 10 to 50 m downwind of the fans were nearly undetectable using either the dosi-tubes or photoacoustic detector.
Finally, the condition of the pot-in-pot study site significantly reduced NH 3 levels with trees present vs. trees removed. Small but significant differences in NH 3 concentration were measured at both the 1.5-and 3.0-m elevations because of the trees (P < 0.0018). Although these benefits are intuitive, they have not been previously demonstrated using an experimental design that could separate the confounding effects of distance and vegetation. Variations in NH 3 concentrations near poultry and livestock facilities are dependent on distance, climatic conditions [31] , and also the foliage biomass of plants in the area [30] .
Daily climatic fluctuation downwind of the fans and around the trees during the present study was not sufficient nor long enough in duration (2 d) to significantly influence foliar N and DM concentration of the plants herein. However, the effect of the distance was clearly demonstrated in linear fashion with a one-third dilution of foliar N concentration from 3.5-to 50-m distance. Yin et al. [17] demonstrated how atmospheric NH 3 can enter plants through foliar stomata and assimilate to plant tissues via the glutamine synthetase and glutamate synthase pathways. We have previously shown in both environmental chambers [33, 34] and field studies on commercial poultry farms [18, 35] the effect of atmospheric NH 3 on foliar N concentration. Others have suggested some plants benefited from this kind of NH 3 -N exposure [19, 30, 36] .
Species differences also prevailed in plant foliar N beyond the effect of distance, with the evergreens (Canaan fir and juniper) showing significantly lower tissue N than the deciduous hackberry, lilac, or willow. These species differences were also observed in our previous works [33] [34] [35] with evergreens. Particularly, the Norway spruce and red cedar had lower foliar N compared with other deciduous species despite NH 3 exposure periods ranging from 6 wk to 2 yr [18, [33] [34] [35] . The role of plant traits such as leaf area, relative growth rate, and previous tissue N content on the uptake of N [30, 34] were likely factors influencing greater levels in the deciduous trees compared with the evergreens.
CONCLUSIONS AND APPLICATIONS
1. Trees planted downwind of the exhaust fans of poultry houses can reduce aerial NH 3 and under certain environmental conditions may benefit from NH 3 -N as indicated by their increased foliar N concentration. 2. Under the present experimental conditions, at 5.5 m downwind of the fans, NH 3 concentration declined sharply and was undetectable at 50 m regardless of the presence or absence of the trees. 3. Willow was the most aggressive species among the plants at trapping NH 3 -N as indicated by its greater foliage N among the plant species evaluated herein. A mixed buffer of evergreen and deciduous species would be recommended for foliage biomass in all seasons in North America.
